Using high-resolution magnetic field data from the STEREO mission, we have observed strong narrow-band ion cyclotron waves (ICWs) in the solar wind near 1 AU. The waves propagate nearly parallel to the magnetic field and are below the local proton gyrofrequency in the solar wind frame. Because the twin STEREO spacecraft were far away from any planet, including the Earth, the waves do not have a planetary source. The ICWs often appear when the interplanetary magnetic field is more radial than the nominal Parker spiral. Since the wave frequency in the spacecraft frame is higher than the local proton gyrofrequency, the waves are not locally generated by ion pickup. Observations are consistent with wave generation closer to the Sun and outward transport by the superAlfvénic solar wind. The waves are intrinsically left-hand polarized in the solar wind frame, but appear to be both left-and right-handed in the spacecraft frame, associated with outward and inward propagation, respectively. The relative amplitudes of the left-handed and right-handed waves support the closer-to-Sun generation scenario.
INTRODUCTION
Ion cyclotron waves (ICWs) are left-hand circularly polarized waves. They have been observed in a variety of space environments, including those upstream of and those within planetary magnetospheres (e.g., Russell & Blanco-Cano 2007) . These waves are often caused by newly created ions, accelerated by the electric field of a magnetized plasma flowing through a neutral gas from which the ions were produced (Gary 1991; Huddleston & Johnstone 1992) .
Although ICWs cannot be remotely observed in the corona, the Solar and Heliospheric Observatory (SOHO) observations of ultraviolet emissions have been used to infer the presence of highly anisotropic heavy-ion distributions with strong massdependent heating in the corona (e.g., Kohl et al. 1998; Cranmer et al. 1999; Antonucci et al. 2000) . Recent reports have claimed that the Alfvén waves observed in the low solar atmosphere can provide an energy flux sufficient to heat the corona (De Pontieu et al. 2007; Jess et al. 2009 ), but Alfvén waves, which are linearly polarized waves at a much lower frequency than ion gyrofrequencies, do not directly interact with the core ions. They need an intermediary process to convert this energy flux to a form that can heat the coronal ions efficiently. One possible energy transfer is the production and subsequent damping of ICWs (e.g., Cranmer 2000 Cranmer , 2004 Cowee et al. 2007; Hollweg 2008) . The electric field associated with the Alfvén wave fluctuations could accelerate newly created ions into ring beams. These ring beams would be unstable to the generation of ICWs that in turn damp when they interact with the solar wind ions.
The uniqueness of the waves discussed herein is that they were observed far from any planetary influence, including the Earth, cometary, and interstellar sources. While evidence of the absorption of wave energy at the proton cyclotron frequency has been observed (e.g., Denskat et al. 1983; Leamon et al. 1998 Leamon et al. , 2000 Gary et al. 2001; Hamilton et al. 2008) , no evidence for resonant excitation of ICWs in the solar wind has previously been reported.
OBSERVATIONS
Since their launch in 2006 October, the twin Solar Terrestrial Relations Observatory (STEREO) spacecraft have drifted away from the Earth in opposite directions at a rate of about 20
• per year, in near 1 AU orbits in the ecliptic plane (Kaiser et al. 2008) . Using 8 Hz magnetic field measurements (Acuña et al. 2008) , we have observed ICWs extensively, far away from any possible planetary sources. Figure 1 illustrates the magnetic field fluctuations and power spectrum of a strong transverse wave event observed by STEREO A on 2007 July 31 as an example. The sinusoidal wave train lasted more than 3 minutes, and the wave power dominates over the turbulent background, suggesting a very high signalto-noise ratio. The power transverse to the average background field B is over 2 orders of magnitude larger than the compressional power along the magnetic field. The wave frequency is lower than the local proton gyrofrequency f pc converted to the same frame. Based on an analysis of the quadrature spectrum (Means 1972) , the ellipticity of the wave train is −0.95, with the negative sign denoting left-handed (LH) polarization in the spacecraft frame. In addition, the wave train has a percent polarization of 95.2% and a propagation angle from B of 1.
• 2. This circularly polarized wave has the properties expected for ICWs.
To obtain a statistical sample of the properties of these ICWs, we have examined data from STEREO A (2007 July 26-August 2) and STEREO B (2007 July 25-August 1) in depth, and found 246 ICW events. Because the waves appear discretely in the solar wind with variable duration, we identify them based on visual inspection of the magnetic field data and quadrature spectrum analysis of each event. This computer analysis returns the wave amplitude, frequency, ellipticity, percent polarization, and direction of propagation. The ICWs are also observed by STEREO at other times, but we have not studied those intervals in detail, other than to confirm the period reported here is not unusual.
With a heliographic longitudinal separation of 22
• , the wave observations at the twin STEREO spacecraft are quite independent of one another. To obtain accurate wave properties, each of the wave events chosen for analysis is required to have a total power larger than 0.001 nT 2 , as the digital noise level of the STEREO magnetometer is 5 × 10 −6 nT 2 Hz −1 . In addition, the wave events all need to meet the following criteria: an absolute ellipticity value larger than 0.7 and a percent polarization larger than 70%. We also require the long axis of the perturbation ellipse, which is also the maximum-perturbation direction (Stix 1962) , to be within 10
• perpendicular to both B and wave propagation direction k, i.e., it is nearly perpendicular to the B-k plane. The above features indicate that all of these waves are intrinsically LH cyclotron waves (Stix 1962; Blanco-Cano 1995) . Figure 2 shows a three-day sample within the sixteen-day study period. The ICWs appear in both slow and fast streams, not just in their interaction region. They are unlike the Alfvén turbulence that often appears in the fast wind, or the whistler waves and mirror-mode waves that usually occur near shocks or compression regions. In fact, no shocks occurred during the 16 days, so the ICWs were not generated by shocks. Plasma anisotropy data are not yet available from STEREO, so we cannot determine the plasma anisotropy condition associated with the ICW occurrence.
The ICWs occur more often when the interplanetary magnetic field (IMF) is nearly radial, i.e., along the solar wind flow, as demonstrated in Figures 3(a) and (b) . The wave propagation vector k is directed nearly exactly along B as shown in Figure 3 (c). The same results are obtained whether we use the minimum variance direction or the normal to the plane of maximum quadrature power as the propagation direction. As expected for such small propagation angles, the ratios of the transverse power to the total power for all these waves are larger than 0.92.
We can exclude generation through the pickup of interstellar or cometary ions as follows. In late July, both STEREO A and B were far from the gravitational focusing cone for interstellar pickup ions (Michels et al. 2002) . STEREO B was almost 180
• offset from this point. The flux of interstellar particles is expected to be too weak at 1 AU for wave generation (Lee & Ip 1987) . Also, no known comets were in the vicinity of either spacecraft. Furthermore, the magnetic field when waves were present was more radial than during their absence. The median B-R angle was only 25
• , too small to generate strong ICWs from pickup ions (Gary & Madland 1988) . Finally, if the waves are generated by local pickup ions, the wave frequency in the spacecraft frame should be close to the ion gyrofrequency in the solar wind frame (Delva et al. 2008) . But the observed frequency in the spacecraft frame has a median of 0.28 Hz, much larger than f pc in the solar wind frame (about 0.06 Hz). Hence, these waves are not generated locally.
Since the solar wind is super-Alfvénic and the ICW phase speed can be approximated as the Alfvén speed (V A ), these waves should have originated closer to the Sun and been carried outward by the solar wind. Using the following Doppler shift relation, we can convert the frequency in the spacecraft frame (f sc ) to the solar wind frame:
where f sw is the wave frequency in the solar wind frame, k is the wave propagation vector, and V sw is the solar wind velocity relative to the spacecraft. Since the Alfvén Mach number of solar wind is typically 5-8 andk ·V sw is nearly 1, the second term dominates. Because all the waves are intrinsically LH as noted above, the handedness in the spacecraft frame should depend on whether they are propagating away from or toward the Sun. The RH waves in the spacecraft frame should be inward-propagating LH waves, whose polarity is reversed in the observation frame by Doppler shift. In this scenario, from the sign of the ellipticity in the spacecraft frame, we can obtain the sign ofk ·V sw and further the value of f sc . Figure 4 illustrates the distributions of four key wave parameters. The waves have a wide frequency range, in both spacecraft and solar wind frame, suggesting they may not have a simple origin, whether in terms of ion species or magnetic field in the generation region. They may be remnant of ICWs generated by different ions at variable regions closer to the Sun than 1 AU. The calculated f sw after removing Doppler shift is in general smaller than f pc , consistent with our scenario, because the ICWs with f sw higher than f pc would have already been absorbed closer to the Sun.
From Figure 5 , we can see that the RH waves in the spacecraft frame have properties similar to the LH waves, except that they are weaker, with a median wave power only about 1/6 that of LH waves. Consistent with their lower power, only 36% of the waves we observed are RH, as shown in Figure 4 (a), probably because weaker waves are rejected by falling below our threshold criterion or the instrument sensitivity. The lower power of RH waves is also consistent with the scenario that it takes the inward-propagating waves a longer time to be carried out to 1 AU and they have damped more along the way.
3. DISCUSSION As shown above, the ICWs are common in the solar wind, even though they have not been reported before. We can speculate several reasons here. First, missions to the inner solar system have seldom obtained high-cadence data except during planetary encounters, and any such waves there could be confused with waves associated with the interaction between solar wind and planets (e.g., Delva et al. 2008) , and even when they have been obtained, they have seldom been scrutinized. Second, the median duration of the 246 ICW events is only 51.5 seconds, therefore the narrow excited spectral peak cannot be seen in other studies using power spectra calculated over hours or even longer periods (e.g., Leamon et al. 1998 Leamon et al. , 2000 Hamilton et al. 2008) . Third, the quiet solar wind conditions at this solar minimum also may have allowed us to see more ICWs than at earlier times.
We attribute the enhanced occurrence rate when the IMF is more radial to minimal damping at such times. After its generation, the ICW should be Landau damped when it propagates at a finite angle to the magnetic field. As the wave is carried outward, the index of refraction changes, so the wave normal is bent into a more radial direction and away from the magnetic fields, allowing greater damping. When the field is more radial, the refraction and damping are less.
The median frequency of the ICWs in the spacecraft frame is 0.28 Hz. If the waves were generated in the same rest frame as the spacecraft, the measured frequency would be that initially created, so the magnetic field in the ICW generation region is approximately 18 nT for proton and 36 nT for He 2+ . On the other hand, waves at frequencies higher than we have observed could be generated but would not survive the transit to 1 AU because they would be absorbed when their frequency in the solar wind frame approached the proton cyclotron frequency (e.g., Li et al. 1999; Tu & Marsch 2001) .
The narrowness of the excited spectral peak indicates resonant generation at its source, such as would occur as a result of the pickup of newly born ions. If the waves are generated by resonance with ring beams created by near-Sun ion pickup, we expect waves of equal amplitude to be initially present for both inward and outward propagation (Cowee et al. 2007) . A possible means to create such ion ring beams from newly ionized neutrals in the region closer to the Sun is acceleration by the fluctuating electric field associated with Alfvén waves.
The median transverse power of these ICWs is 0.016 nT 2 at 1 AU, so the median wave amplitude is about 0.13 nT. Assuming the Alfvén speed to be 40 km s −1 , we calculate that the magnitude of the Poynting vector at 1 AU is about 5.1 × 10 −10 W m −2 . If these waves are distributed uniformly over 4π steradians, then they can provide a power of about 1.4 × 10 14 W. However, because we are seeing only a fraction of the spectrum originally generated close to the Sun and because even the part of the spectrum we can detect has been attenuated greatly, the original power must be much greater than observed. We note that the waves observed at 1 AU will soon be absorbed when they approach local proton gyrofrequency. Thus, these waves continue to heat the solar wind past 1 AU.
We will continue to study more data at 1 AU to obtain greater statistics and look for changes in properties over the solar cycle. We will also investigate ICWs at smaller heliocentric distances from the Helios and Venus Express spacecraft to confirm our hypothesized damping. Finally, new missions are currently being planned to probe closer to the Sun. These missions will enable us to determine how much of the required solar wind heating is provided by these waves, at least to the distance at which these probes will penetrate. This work is supported by NASA's STEREO program through grant NASS-03131 administered by UC Berkeley.
